The rat submandibular gland contains several members of the kallikrein family. In the present study we purified and raised an antiserum against one of these enzymes, i.e., esterase B, which was f i i t described by K h d a r et al. in 1986. N-terminal amino acid analysis revealed complete homology between esterase B and the kallikrein family gene RSKG-7.
Introduction
A group of closely related proteins is present in the rat submandibular gland (SMG) . Several members of this family have been purified and immunologically characterized, such as the kininogenase tissue kallikrein (E.C. 3.4.21.35) (13). the angiotensin 11-releasing enzyme tonin (10,36), antigen y (6), esterase B (28), and recently the vasoconstrictor KLP-S3 (8), most probably identical to SEV (48) . Antigen y has been shown to be responsible for SMG T-kininogenase activity (9), and has by amino acid analyses been shown to be identical to kallikrein k10 (22) . Esterase B is a trypsinlike serine protease with weak kininogenase activity (28), and recently a role of esterase B as an activator of tissue kallikrein proenzyme has been suggested (26). Thus far, this protein has been lac gland, esterase B was detected exclusively in all granular convoluted tubular cells, co-localized with tissue kallikrein and tonin. Some staining was also observed in striated duct cells; however, this staining reaction was induced by crossreactivity with kallikrein, since staining was abolished by addition of kallikrein as well as esterase B to the primary antiserum. It was therefore concluded that like tonin and antigen y, but unlike kallikrein, esterase B was not detected in the striated ducts of the submandibular, parotid, or sublingual glands. This separation in anatomic distribution between esterase B and kallikrein may indicate that prokallikrein activation is not the only biological function of esterase B. ( J Hisrochem Cyrochem 40:83-92, 1992) KEY WORDS: Rat; Salivary glands; Serine proteases; Esterase B; Kallikrein; Tonin; Antigen y; Immunohistochemistry; Isoelectrofocusing; Immunoblotting; Amino acid sequence; detected only in the rat SMG. In addition to these proteins, other members of the kallikrein family have also been identified at the gene or the mRNA level, as well as at the protein level (21, 27, 46) . In the SMG, kallikrein, tonin, and antigen y have all been localized to the granular convoluted tubular (GCT) cells (6, 35, 36) , whereas only kallikrein was detected in the striated duct cells of the SMG (35) as well as in the other major salivary glands (34, 35) , and in kidney (40) and pancreas (39) . A granular tubular localization has also been demonstrated for kallikrein and kallikrein-like mRNAs in the rat and mouse SMG (19, 45) .
The purpose of the present study was to demonstrate the cellular distribution of esterase B in rat SMG and to clarify its distribution in relation to other members of the kallikrein family, i.e., kallikrein, tonin, and antigen y, using immunohistochemical techniques. By immunohistochemistry we also wanted to investigate whether esterase B could be detected in the other major salivary glands of the rat, i.e., the sublingual and parotid glands. Owing to the large degree of immunological crossreactivity among various kallikreinlike enzymes (8, 9, 36) , the antiserum raised against esterase B was carefully characterized and immunohistochemical controls carried out accordingly. To identify esterase B in relation to other mem-bers of the kallikrein family, both a t the gene a n d t h e gene product level, partial amino acid sequencing was carried out.
Materials and Methods
Reagents. DE-52 Whatman anion exchange material was obtained from Whatman Chemical Separation (Maidstone, Kent, UK). S2288 and S2266 were purchased from Kabi Diagnostica (Stockholm, Sweden); swine antirabbit IgG antiserum, peroxidase-anti-peroxidase reagent, and FITCconjugated swine anti-rabbit IgG antiserum from Boehringer (Mannheim, FRG); bovine serum albumin Fraction V (BSA), angiotensin I, and His-Leu from Sigma (St Louis, MO); and 3,3'-diaminobenzidine tetrahydrochloride was from Ega-Chemi (Steinheim am Albuch, FRG). Agar (Agar-Agar) was from Serva Feinbiochemica (Heidelberg, FRG); Aquacide from Calbiochem (La Jolla, CA); and barbital buffer (5,5-diethylbarbitursaure Natriumsalz Puffersubstanz) from H Merck (Darmstadt, FRG). Flat-bed isoelectrofocusing gels (PhastGel, IEF H), Isoelectric focusing calibration kit (pH 3-10), SDS-polyacrylamide gels (PhastGel. gradient 8-25), and electrophoresis calibration kit (low molecular weight proteins) were from Pharmacia (Uppsala, Sweden).
Fast Protein Liquid Chromatography System (FPLC). The FPLC system consisted of an LCC-SO0 chromatography controller, two P-500 pumps, a V-7 valve injector, a UV-1 monitor with an HR 10 cell, a pH monitor, a Frac-100 collector. and a REC-482 recorder. The pre-packed column MonoP HR 5/20 was used for chromatofocusing, and MonoS HR 515 for cation exchange chromatography. The FPLC system, the pre-packed columns, and Polybuffer 74 were from Pharmacia. Enzyme Assays. Kallikrein and tonin immunoreactivity was determined by immunoradiometric assays (IRMA) specific for rat tissue kallikrein and rat tonin, respectively, as previously described (23, 25) . Amidolytic activity was tested using the chromogenic substrate S2266 or S2288 (H-D-Val-Leu-Arg-4-nitroanilide 2 HCI and H-D-lle-Pro-Arg-4-niuoanilide 2 HCI), mostly used for tissue kallikrein and tissue plasminogen activator, respectively. One hundred pI enzyme solution and 800 p1 assay buffer (0.2 M Tris-HCI, pH 8.4) were incubated for 5 min at 37°C with 100 pl substrate (10 mM). Enzyme concentration and incubation time were chosen so as to be well within the limit of substrate exhaustion. The reaction was stopped with 100 p1 50% acetic acid, and absorption was measured at 405 nm (1). One unit (U) was equal to the amount of enzyme that hydrolyzed 1 pmol substrate per min. Angiotensin I catalytic activity (tonin enzyme activity) was determined by allowing angiotensin 1(200 pI, 0.5 glliter, pH 6.8) to react with 100 pl enzyme solution for 10 min at 37'C as described by Boucher et al. (10) . One unit (U) of tonin enzyme activity was equivalent to the amount of protein that hydrolyzed 1 nmol angiotensin I per min. Protein was determined by the method of Lowry et al. (30) . Bovine serum albumin was used as standard.
Purification of Esterase B. SMGs from 4-month-old male Wistar rats were extirpated under sodium pentobarbital anesthesia (70 mgikg. IP) The glands were cut into pieces and homogenized with a Potter-Elvehjem homogenizer (20 strokes, 4°C) in 0.05 M ammonium acetate buffer (AmAc), pH 5.8 (1:3 wet weight:volume). The homogenate was centrifuged (20,000 x g, 15 min, 4°C) and the supernatant collected. The precipitate was rehomogenized in an equal volume of buffer and the supernatants combined. filtered (0.8 pm), dialyzed against the same buffer (48 hr, 4°C) . and ionic strength and pH were adjusted with 1 M AmAc (pH 5.8) to equal that of the 0.05 M AmAc buffer. Esterase B was purified from this supernatant by DE-52 Whatman cellulose anion exchange chromatography, first at pH 5.8 (O.l-O.> M ammonium acetate gradient, pH 5.8). then at pH 8.0 (0.02 M Tris-HCI, pH 8.0,0-0.3 M NaCl gradient). The obtained esterase B fraction was further purified by chromatofocusing on an FPLC MonoP column (0.025 M imidazole, pH 7.4, eluted with Polybuffer 74, 1:10 v:v, pH 4.0) and by cation exchange chromatography on an FPLC MonoS column (0.05-0.5 M Na-acetate, p H 5.0). The elution profiles were followed by absorbance at 280 nm, kallikrein and tonin immunoreactivity, tonin enzyme activity, or by S2266 andlor s2288 amidolytic activity as described above. During the purification procedure esterase B was followed by flatbed isoelectrofocusing (IEF) (pH range 3-9) stained with silver, using the Pharmacia Fast System as described by the manufacturer. Purity was also tested in SDS-polyacrylamide gel electrophoresis (SDS-PAGE), with or without P-mercaptoethanol(>%, 2 min, lOO'C) in the Pharmacia Fast System as described by the manufacturer.
Partial N-terminal Amino Acid-Sequencing. Esterase B was run in SDS-PAGE in Exel Gel (SDS gradient 8-18) under reducing conditions and transferred electrophoretically to Immobilon PVDF transfer membrane (Millipore; Bedford, MA) in a Pharmacia Multiphor I1 Novablot System as described by the manufacturer (Pharmacia LKB Biotechnology; Uppsala. Sweden). After staining with Coomassie blue, the heavy and light chain protein bands were cut out and used for N-terminal amino acid analyses using an automatic 477A ProteinlPeptide Sequencer with an on-line l2OA PTH amino acid analyzer (Applied Biosystems; Foster City, CA) (20).
Production and Characterization of Antiserum Against Esterase B. Antiserum was raised in rabbits by multiple subcutaneous injections on the back of 30 pg esterase B in Freund's complete adjuvant (1:2 v:v; 1 ml total). The rabbits were boosted 3 and 6 months later with a similar dose of esterase B. The antisera were tested in immunoelectrophoresis against SMG homogenate and in double immunodiffusion plates against esterase B, tissue kallikrein, tonin, antigen y. and KLP43, all purified from the rat SMG (6, 8, 9, 24) . Immunoelectrophoresis was carried out in 1.5% agar in 16.33 giliter barbital buffer at 100 V for 3.5 hr, and double immunodiffusion in 2% agar in phosphate-buffered saline (PBS: 0.01 M Na-phosphate, pH 7.4. 0.14 M NaCI). The gels were stained with Coomassie brilliant blue. The antisera were also tested against SMG homogenate run in IEF gels as above and blotted onto nitrocellulose membrane (IEF-immunoblot) as previously described by Berg et al. (9) . The antiserum; against esterase B was used in the primary layer in a 1:2500 v:v dilution, swine anti-rabbit IgG antiserum in a 1:lOOO v:v dilution in the second, and peroxidase-antiperoxidase reagent (1:looO v:v) in the third layer, followed by development of staining with j,j'-diaminobenzidine tetrahydrochloride. Staining was also performed with antikallikrein antiserum in the first layer (1:SOOO v:v).
Preparation of Tissue for Immunohistochemistry. Male Wistar rats (4 months old) were anesthetized with sodium pentobarbital (60 mgikg body weight, IP). The submandibular, sublingual, and parotid glands were fixed in vivo by perfusion through a catheter in the carotid artery, first with PBS for 1.5 min, then with 96% ethanol or 4% formalin saturated with picrinic acid (FPA) for 10 min (4). The glands were extirpated, cut into pieces ( 2 x 2 mm). and fixed overnight at 4°C by immersion in the same fixative as used for perfusion. The tissue was dehydrated, passed through xylene, and embedded in paraffin (4).
Immunohistochemical Staining Procedure. Tissue sections ( 5 pm) were stained for esterase B with the indirect immunofluorescence technique using the antiserum against esterase B in the primary layer in a 1:20 v:v dilution (30 min incubation), as established by performance testing. Fluorescein isothiocyanate (F1TC)-labeled swine antiserum against rabbit IgG was used in the second layer (1:30 v:v. 30 min incubation). Dilution of antisera was done in 12% BSA in PBS. Immunohistochemical absorption controls were preformed on neighboring sections by adding to the primary antiserum (overnight, 4'C). before application on tissue sections, an excess of esterase B, tonin, tissue kallikrein, antigen y, or KLP-S3 (0.01 giliter), separately or in a combination using more than one crossreacting antigen. The crossreacting antigens were obtained as previously described (6.8.24).
To study the localization of esterase B in relation to other kallikrein-like enzymes, serial sections from PA-fixed tissue were stained with the antisera against kallikrein (130 v:v), tonin (1:40 v:v), or antigen y (1:20 V:V) (6,35,36), and against esterase B (1:20 v:v). These antisera were made monospecific for their respective antigens by addition of crossreacting antigens (0.01 glliter, 24 hr), i.e., tonin for the anti-kallikrein antiserum and tissue kallikrein for the other three antisera. The immunological specificity of the staining reactions was verified in control studies, where we observed no difference in staining intensity or distribution after addition of one in comparison with several crossreacting kallikrein-like proteins.
Results

Purz9catzon of Esterase B
When SMG homogenate was passed over the DE-52 Whatman column at pH 5.8, esterase B appeared in the void together with tonin and KLP-S3 ( Figure 1 ). When this void was passed over a similar column equilibrated to pH 8.0, esterase B adhered to the column and was largely separated from tonin ( Figure 2 ). Further separation was obtained by chromatofocusing ( ditional protein bands were detected in IEF stained with the sensitive silver staining technique ( Figure 5 ). As shown in Figure 5 , in IEF esterase B was separated from other known members of the kallikrein family, making detection of potentially immunologically crossreacting contaminants easy. Purity of the esterase B preparation was also confirmed by the observation of only one band in SDS-PAGE corresponding to a molecular mass of 25,100 daltons, which after reduction with mercaptoethanol migrated as two bands corresponding to a molecular mass of 17,200 and 13,100 daltons, respectively ( Figure 6 ). Since S2266 and S2288 are both hydrolyzed by several other kallikrein-like enzymes (8) and precise identification was done by IEF, which is not a quantitative method, purification factor was not calculated. Yield of protein for each purification step is given in the respective figure legends.
N-temninal Amino Acid Sequence
The N-terminal partial amino acid sequence of esterase B heavy and light chains is shown in Figure 7 in comparison with other kallikrein-like enzymes. Complete homology was observed between esterase B and the kallikrein-like gene RSKG-7 (15) esterase B is encoded by this gene. Complete homology was consequently also observed between esterase B and the sequenced kallikrein-like protein kallikrein k7 (21) . As previously noted by Brady and MacDonald (11) , minor differences between esterase BIRSKG-7 and the kallikrein-like mRNA K1 were observed, although K1 has been suggested to be the product of RSKG-7.
Characterization of Antisera
An immune response to esterase B was obtained in all injected rab- SMG homogenate in IEF immunoblots, crossreactivity was detected particularly against KL.P-S3; some reactivity was also observed against kallikrein (Figure 5) . Esterase B was also recognized by antiserum against tissue kallikrein (Figure 5) . supporting the concept that esterase B is a member of the kallikrein family. 
RSKG-50
Heavy chain: Figure 7 . Partial amino acid sequence of esterase B (heavy and light chains) in comparison with that of other kallikrein-like enzymes. The name of the homologous protein, when known, is indicated in parenthesis after the name of the gene or the mRNA. Complete homology was detected between esterase Band the protein kallikrein k7, as well as the gene RSKG-7. However, minor differences were observed between esterase WRSKG-7 and K1. The sequence of esterase B was compared with that of the proteins kallikrein k7 (21), tonin (29), or SEV (48) , the T-kininogenase antigen y (9) or kallikrein k10 (22), T-kininogenase (49), and proteinases A and B (27), the mRNA sequences for PS and S1-3 (2), K1 (ll), and P1 (12), and the gene sequences for RSKG-3, RSKG-7 (15), and RSKG-50 (42). X, unidentified amino acid. Open spaces were used to delineate identical sequences for the different family members. whereas kallikrein, antigen y (not shown), tonin, or KLP-S3 did not. The staining intensity or distribution was not altered by the addition of more than one crossreacting antigen (not shown).
PS (Kallikein)
Staining within the luminal cytoplasm of striated duct cells was, on the other hand, abolished by addition of kallikrein and therefore did not indicate the presence of esterase B within these cells (not shown).
Both fixatives gave strong immunostaining of GCT cells; however, the granular distribution of GCT staining was preserved by FPA fixation only. The nonspecific staining of striated duct cyto-plasm was strong after ethanol fixation but very weak after FPA fixation.
Localization of Esterase B in the SMG in Relation to Other Kallikrein-like Enzymes
Staining of neighboring FPA-fixed SMG tissue sections with antisera made monospecific against esterase B, kallikrein, or tonin by absorption with crossreacting antigens demonstrated the presence of all enzymes in the same granular distribution within all GCT cells (Figure 9 ). However, FPA fixation did not allow staining of antigen y, but the presence of antigen y in all GCT cells was verified in ethanol-fixed tissue sections. Since cell structures were so poorly preserved with ethanol fixation, a comparison between antigen y and esterase B at the level of single cell distribution was not attempted.
Absence of Esterase B-speczfic Staining in Parotid and Sublingual Glands
Immunospecific staining for esterase B was not observed in the parotid or sublingual glands where the ductal tree lacks the GCT segment. Staining was observed in the striated ducts of both glands. proteins (a,b,d) as described in Materials and Methods. Immunospecificity of the GCT staining for esterase B was verified by the fact that addition of esterase B (c) completely abolished immunoreaction, whereas addition of (a) tonin. (b) KLP-S3, or (d) tissue kallikrein did not. The staining reaction was also not reduced by addition of tonin and antigen y in addition to kallikrein (not shown). No staining was observed in agranular cells within the GCT segment (thin arrow). Identical structures in the neighboring sections are indicated with arrows. The microphotographs were taken with a Fujichrome 1600 D film, exposed for 2 sec. Bars = 40 pm.
1
. . . I I Figure 9 . Localization of esterase B in SMG GCT cells in relation to other enzymes of the kallikrein family. Neighboring sections from FPA-fixed tissue were stained for (a) esterase B, (b) kallikrein, or (c) tonin. The respective antisera were made monospecific for their homologous antigen by addition of crossreacting proteins as described in Materials and Methods. All three members of the kallikrein family were observed in a granular distribution in all GCT cells (arrowheads). Only kallikrein was observed in striated ducts (thin arrow). However, in FPA-fixed tissue the staining reaction was very weak and hardly detectable compared with that observed in ethanol-fixed tissue (not shown). Arrowheads point to identical structures in the three neighboring sections. The microphotographs were taken with However, this staining was totally abolished by addition of kallikrein and was therefore not specific for esterase B. In agreement with previous studies (6,34-36), only kallikrein, but not tonin or antigen y, was detected in ducts of the sublingual and parotid glands.
Discussion
By dfierences in pl, various kallikrein-like proteins are easily separated and identified in IEF (8, 9) . In the present study, we used this method to monitor the purification of esterase B. By its migration pattern in IEF, we were also able to confirm that the isolated protein was identical to a previous preparation of this enzyme, which in turn had been compared (24) to a preparation of esterase B kindly supplied by Khullar et al. (28) . The present preparation of esterase B was extremely pure as visualized by IEF and SDS-PAGE, stained with the sensitive silver technique.
The identity of esterase B as a kallikrein-like protein was established immunologically by the demonstration of antigenic epitopes common to tissue kallikrein and tonin, as well as by the high degree of homology in amino acid sequence with members of the kallikrein family. N-terminal analysis showed complete homology between esterase B and the kallikrein-like gene RSKG-7 (I>), as well as the kallikrein-like protein kallikrein k7 (21). Despite minor differences in sequence, RSKG-7 has been suggested to correspond to the mRNA K1 (11). Expression of K1 has been observed in the rat kidney as well as in the SMG (11). However, there are as yet no reports of the presence of esterase B in the rat kidney or urine, although the presence of serine proteases different from tissue kallikrein has been reported (14, 31, 33) . Since a large degree of sequence homology is observed between different members of the kallikrein family, the relationship between esterase BIRSKG-7 and K1 may await further confirmatory studies. Although minor differences were observed in the amino acid sequence, it seems likely that esterase B is also identical to proteinase A isolated by Kat0 et al. (27) .
In the present study esterase B was detected exclusively in GCT cells of the SMG and not in the other major salivary glands, which do not contain such ductal cells. The GCT is a specialized ductal segment unique to certain salivary glands of some rodents; moreover, these cells are notable for their high content of trypsin-like enzymes (3) and are the only cells thus far demonstrated to contain several different proteins of the kallikrein family, among them tissue kallikrein (13,35), tonin (36), and antigen y (6). The granular distribution of the staining for esterase B as well as for kallikrein, tonin, and antigen y indicates a localization within the secretory granules which for kallikrein has been verified by electron microscopic studies (43) . Whether they all are present within the same granules needs to be verified at the electron microscopic level; however, this is likely because kallikrein was detected in all secretory granules (43) . The localization obtained by immunohistochemistry agreed with that observed by in situ hybridization for tissue kallikrein (19) and for several other kallikrein-like mRNAs that were demonstrated within the same granular tubular cells (45). Moreover, the expression of the kallikrein-like mRNAs SI, S2, S3, K1, and P1, although not tissue kallikrein mRNA PS, has in the rat SMG been shown to be androgen (18) and thyroid (16) dependent but estrogen independent (17). This corresponds to the effect of these hormones on the GCT diameter (41, 44) , and it is therefore possible that testosterone-and thyroxin-dependent increased protease synthesis may be secondary to the hyperplastic effect of these hormones on the GCT cells.
The role of kallikrein-like enzymes in GCT cells is not clearly understood. However, the vast number of secretory granules suggests that the enzymes are synthesized and stored within these cells and thus may reach their substrate and target organ first after having been secreted. As demonstrated for kallikrein (7, 38) and tonin (23), it can be assumed that esterase B is also released into saliva as well as into blood. Esterase B has been suggested as an activator of tissue kallikrein (26), and both its localization and secretory pattern in relation to kallikrein may support a role of esterase B as an activator of the kallikrein-kinin system. A role of the kallikrein-kinin system in local blood flow regulation was strongly indicated in studies employing antibodies against kinin or a competitive kinin antagonist (5, 37) . Esterase B was by Khullar et al. (28) and in the present study purified from the SMG as an active enzyme. Its pro-kallikrein activating ability may therefore explain why we have never been able to detect tissue kallikrein pro-enzyme in rat SMG homogenates as has been shown in other organs such as pancreas (32) and kidney (47), where the presence of esterase B so far has not been demonstrated. However, kallikrein was also found in the striated duct cells of all major salivary glands (34, 35) , whereas esterase B, like tonin (36) and antigen y (6), was not. This anatomic distribution may indicate some physiological role of kallikrein in connection with these particular cells that is not shared by either esterase B, tonin, or antigen y, and may also be contradictory to the sole role of esterase B as a pro-kallikrein activator. Therefore, it may be that the natural substrate for esterase B, and thus its biological function, still remains to be detected.
The presence of several immunologically related enzymes within the same organ necessitates careful characterization of antisera and extensive immunohistochemical controls. In the present study, the antiserum against esterase B seemed almost totally monospecific for esterase B with techniques such as immunoelectrophoresis and double immunodiffusion. However, crossreactivity was revealed when the kallikrein-like enzymes were first separated by flat-bed isoelectrofocusing and allowed to react with the antiserum after blotting onto nitrocellulose membrane where immunoreactivity could be visualized by the sensitive peroxidase-anti-peroxidase staining technique. This method allowed detection of crossreactivity, for instance, against KLP-S3, which in immunoelectrophoresis was not separated from esterase B (8). However, monospecific immunoreaction was obtained by addition of one of the crossreacting enzymes in excess, and immunospecificity of this staining reaction was confirmed by absorption controls not only with homologous antigen but also with several crossreacting proteins combined. This was also true for tissue kallikrein and tonin, where absorption with one major crossreacting antigen produced the same staining reaction as absorption with several crossreacting antigens. Such controls enabled us to conclude that esterase B is present in secretory granules of the GCT cells of the rat SMG together with other kallikrein-like enzymes such as kallikrein and tonin. The same conclusion can be deduced for antigen y, even though the fixative used in the present study to preserve intracellular structures (FPA) did not allow staining for antigen y. However, we have previously shown in formalin-fixed tissue that antigen y is present in the same cells as kallikrein and tonin (6). The inclusion of crossreacting proteins in the controls also demonstrated that staining observed in striated duct cells did not indicate the presence of esterase B but was induced by crossreactivity with kallikrein. Hence, it could be concluded that only kallikrein was present in the luminal cytoplasm of SMG striated duct cells, whereas esterase B, like tonin and antigen y, was occasionally observed adhering to the luminal surface in these ducts, representing enzyme secreted from the granular tubules upstream in the ductal tree. Similarly, of the four serine proteases studied, immunospecific staining in the striated ducts of the parotid and sublingual glands was demonstrated only for kallikrein. 
